Introduction
============

The small molecule GTPases function as \"molecular switches\", mediating extracellular signaling events to downstream intracellular effectors by cycling between GDP-bound inactive and GTP-bound active forms upon stimulation. The Rho family of small molecule GTPases, which among them RhoA, Rac1, and Cdc42 are most highly characterized, are implicated in numerous cellular functions including cytoskeletal actin organization \[[@r1]\], cell growth, cell migration \[[@r2]\], cell adhesion \[[@r1]\], vesicular trafficking, and differentiation \[[@r3],[@r4]\]. These different Rho family GTPases regulate the formation of distinct structural elements; Rho induces formation of actin stress fibers and cell contacts while Cdc42 regulates filopedia formation and Rac1 regulates membrane ruffling \[[@r4]\]. Although, once thought to be ubiquitously and uniformly expressed in mammalian tissues, differential expression patterns of these proteins have been shown in the brain \[[@r5]\] as well as throughout retinal development in the chicken \[[@r6]\]. Differences in expression of these Rho family proteins in neuronal cells have proven to be essential for proper neurite outgrowth, as each member prompts distinct effects on the growth of neuronal processes and axons. It is possible that differential expression patterns of these proteins in other tissues are equally important for the growth and perpetuation of other cells and systems \[[@r7],[@r8]\].

The vertebrate eye develops through a complex process of morphogenesis which is modulated by various signaling transduction pathways and governed by different families of regulators. Among these regulators are the small molecule GTPases. Various members of the Rho family of small molecule GTPases were previously found to be present in both the ocular lens and the retina \[[@r6],[@r9]\]. To further explore the potential functions of the small molecule GTPases in regulating the development of different compartments of the eye, we have examined the expression patterns of RhoA, Rac1, and Cdc42 throughout mouse eye development. Our results are the first to reveal the expression patterns of these small molecule GTPases in cornea and of the temporal differences in expression patterns of RhoA, Rac1, and Cdc42 in the ocular lens from embryonic stages to the postnatal stage (one day after birth) to adult (two months old) stage of the mouse eye. In addition, our studies provide comparative information on the expression patterns of RhoA, Rac1, and Cdc42 in the developing retina and in the adult retina. Together, our studies provide important information regarding the functions of RhoA, Rac1, and Cdc42 in regulating morphogenesis of the three compartments of the eye: retina, lens, and cornea.

Methods
=======

Animals
-------

The C57BL/6 mice used in the experiments were obtained from Jackson Laboratory. The four week old Sprague-Dawley rats were purchased from Harlan. Animals were maintained in 12 h of light/dark cycles and fed normal diet and water. Mice and rats used in this study were handled in compliance with the \"Guide for the Care and Use of Laboratory Animals\".

Preparation of embryo sections
------------------------------

Ocular tissues from an embryonic mouse at 11.5 pc, 14.5 pc, and 17.5 pc stages, from postnatal (one day after birth) mice, and from adult (two month old) mice were fixed in zinc-formalin fixative and processed by Excalibar Pathology (Moore, OK). The slides were deparaffinized with xylene, rehydrated, and bathed in 3% H~2~O~2~ at 37 °C to quench the endogenous peroxidase as well as unmask protein antigens by steaming in citrate solution for 45 min.

Immunohistochemistry
--------------------

Immunohistochemistry (IHC) of paraffin embedded tissues from mice was performed using the ABC-Staining system according to manufacturer\'s instructions (Santa Cruz Biotechnology, Santa Cruz, CA). All sections were counterstained with Harris Modified Hematoxylin with acetic acid (Fisher Scientific, Pittsburgh, PA). Both monoclonal (anti-RhoA and -Cdc42) and polyclonal (anti-Rac1) antibodies were obtained from Santa Cruz Biotechnology. Primary antibodies were applied at a 1:100 dilution for IHC. Control IHC experiments were performed using the rabbit pre-immune serum and GTPase-specific antibodies blocked with saturating levels of corresponding RhoA, Rac1, or Cdc42 peptide antigen.

Extraction of total proteins from the cornea, lens, and retina from adult mouse
-------------------------------------------------------------------------------

To extract total proteins from the cornea, retina, or the whole lens, different parts of the mouse eye tissues were dissected out, grinded under liquid nitrogen to make a fine powder, and suspended in protein extraction buffer (50 mM Tris, 150 mM NaCl, 1 mM EDTA, 1% NP-40, 1 mM PMSF, 10 μg/ml leupeptin, 10 μg/ml aprotinin, and 1 mM sodium orthovanadate) \[[@r10]\]. The resuspended samples were passed through an 18.5 G and 23.5 G needle for ten times each and then centrifuged at 4 °C with 14,000 rpm for ten min. Both supernatant and pellet were saved. The pellet was resuspended in additional cell lysis buffer. An equal amount of SDS sample buffer was added into both the supernatant and the resuspended pellet fraction. The resuspended pellet was initially examined to ensure that no small GTPases were present. The supernatant was subjected to western blot analysis as described below. To further confirm that the expression patterns of RhoA, Rac1, and Cdc42 in the ocular lens, both epithelial and fiber cells from mouse lenses were dissected into Eppendorf tubes and were homogenized ten times in the above extraction buffer containing pepstatin (5 μg/ml), benzamidine (50 μg/ml), glycerophosphate (10 mM), and pyrophosphatase (10 mM) with a dounce homogenizer carrying a loose fitting pestle. The homogenized samples were centrifuged 1000x g in JA-14 rotor to collect the plasma membrane from the pellet \[[@r11]\]. Then additional extraction buffer was added into the pellet and the mixture was homogenized 15 times in a Teflon homogenizer. The mixture was then passed through an 18.5 G needle ten times and a 23.5 G needle ten times before adding an equal amount of 2X SDS sample buffer into the sample. These protein samples were then used for western blot analysis and the results obtained were consistent with those revealed by the procedures described above.

Isolation of total proteins from lens epithelia and different fractions of fiber cells in rat lenses
----------------------------------------------------------------------------------------------------

After dissection of rat lenses from the intact eyeballs, the capsular epithelium from each lens was removed and transferred into a prechilled Eppendorf tube containing protein extraction buffer. The deepithelium lens was immediately transferred into a 10 ml beaker for extraction of different layers of fiber proteins as previous described \[[@r12],[@r13]\]. For extraction of total proteins, the epithelia were homogenized on ice with an Eppendorf tube micropestle (Brinkmann Instruments, Inc., Westbury, NY). Various fractions of fiber cells were homogenized for 20 strokes with a Kimax glass homogenizer. The homogenates of both epithelial and fiber cells were then centrifuged at 10,000x g for 20 min at 4 °C. The supernatant of each sample was collected in aliquots, frozen with liquid nitrogen, and then stored at -80 °C for further analysis.

Western blotting analysis
-------------------------

For each sample, the protein concentration was determined as previously described \[[@r14]\]. Western blot analysis of total proteins was conducted as described before \[[@r12],[@r13]\]. Briefly, 100 μg of total proteins in each sample were resolved by 15% SDS-polyacrylamide gel. The protein blots were blocked with 5% milk in TBS (10 mM Tris-HCl, pH 8.0/150 mM NaCl) overnight at 4 °C, and were incubated with primary antibodies as described above. Following incubation with the primary antibody, the membrane was exposed to a horseradish peroxidase-conjugated secondary antibody, subjected to SuperSignal West Pico Chemiluminescent reagent (Pierce Biotechnology, Inc., Rockford, IL), and exposed to film. A single protected band at approximately 21 kDa was observed for each GTPase-specific antibody used.

Reverse transcription-linked polymerase chain reaction
------------------------------------------------------

Reverse transcription was conducted using a kit from Gibco BRL (number 18085-019; Gaithersburg, MD) as previously described \[[@r15],[@r16]\]. Briefly, 3 μg of total RNA were used in a total reaction volume of 25 μl. For PCR amplification, the following primers were used: β-actin, 5\'-GTG GGG CGC CCC AGG CAC CA-3\' (forward) and 5\'-CTC CTT AAT GTC ACG CAC GAT TTC-3\' (reverse); mouse RhoA (316 bp), 5\'-TGA AAA CTA TGT GGC GGA TAT CG-3\'(forward) and 5\'-TCT GCT TCT TCA GGT TTA ACC GG-3\' (reverse); mouse RhoB (375 bp), 5\'-AGG ACT ACG ATC GTT TAC GGC C-3\' (forward) and 5\'-CAG CCA TTC TGG GAT CCG TAG-3\'(reverse): mouse Rac1 (485 bp), 5\'-CTG CCT GCT CAT CAG TTA CAC G-3\'(forward) and 5\'-GGA CAG AGA ACC GCT CGG ATA-3\' (reverse); and mouse Cdc42 (315 bp), 5\'-GTT CGT TAC CGA GAG CGT ATC A-3\'(forward) and 5\'-GCT TGG TTA CCA CAA CGA TAG C-3\'(reverse). Two microliters of the reverse transcription reaction mixture were used for PCR reactions. For PCR, β-actin and RhoA, RhoB, Rac1, or Cdc42 primers were added in pair at the same time for a total of 30 cycle amplification. Each cycle was run with the following program: denaturing at 94 °C, 30 s; annealing at 52 °C, 30 s; and chain extension at 72 °C, one min. At the end of each reaction, the PCR products were separated by agarose gel (1.5%) electrophoresis and photographed under UV illumination.

Results
=======

Expression of RhoA, Rac1, and Cdc42 in the cornea of the embryonic mouse eye
----------------------------------------------------------------------------

At 11.5 pc of mouse development, the lens vesicle itself has formed and the ectoderm above the lens vesicle begins to differentiate into cornea ([Figure 1A](#f1){ref-type="fig"}). Compared with the control (the rightmost panel), expression of RhoA and Cdc42 was clearly detected in this tissue (the leftmost panel and the third panel from the left of [Figure 1A](#f1){ref-type="fig"}). In contrast, expression of Rac1 was nearly undetectable (the second panel from the left of [Figure 1A](#f1){ref-type="fig"}). RhoA and Cdc42 continue to be expressed at 14.5 pc and by this stage of development, expression of Rac1 also begins to appear within the cornea ([Figure 2B](#f2){ref-type="fig"}). At 17.5 pc, when the cornea differentiates into three different layers: endothelial cells, stroma and epithelial cells, expression of RhoA, Rac1, and Cdc42 was found more focused in the epithelial and endothelial cells ([Figure 1C](#f1){ref-type="fig"}).

![Immunocytochemistry analysis of the expression patterns of RhoA, Rac1, and Cdc42 during mouse eye development. **A**: Expression of RhoA, Rac1, and Cdc42 on day 11.5 pc mouse embryonic eye. RhoA was highly expressed in the peridermal cornea, lens vesicle and differentiating retina. Compared with RhoA, Cdc42 was expressed in a similar pattern in these compartments but the level was lower. Expression of Rac1 in the three compartments was detectable but in a much lower level in comparison to both RhoA and Cdc42. **B**: Expression of RhoA, Rac1, and Cdc42 on day 14.5 pc mouse embryonic eye. Expression of the three GTPases is elevated in the differentiating cornea, lens fibers, and the inner region of the neuroblastic layer. **C**: Expression of RhoA, Rac1, and Cdc42 on day 17.5 pc mouse embryonic eye. Note that strong expressions of RhoA, Rac1, and Cdc42 were observed in the epithelial and primary fiber cells of the embryonic lens. To a less degree, these small GTPases are expressed in the cortical fiber cells, corneal epithelial and endothelial cells, and differentiating retina.](mv-v13-1144-f1){#f1}

![Immunocytochemistry analysis of the expression patterns of RhoA, Rac1, and Cdc42 in postnatal mouse eye. **A**: Expression of RhoA in different compartments. RhoA was highly expressed in the photoreceptors, the horizontal/amacrine/Muller cell layers, and in some ganglion cells. RhoA expression is relatively lower in other ganglion cells and plexiform layers. Corneal expression of RhoA was detectable in the endothelium and to a lesser degree in the epithelial cell layers. High level of RhoA expression was detected in lens epithelium and a much lower level of expression was seen in the fiber cells. **B**: Expression of Rac1 in different compartments. Like RhoA, Rac1 was highly expressed in the photoreceptors and the horizontal/amacrine/Muller cell layers as well as in some ganglion cells, but lower in other ganglion cells and plexiform layers. Corneal expression of Rac1 was highly detectable in both endothelial and epithelial cells. High level of Rac1 expression was detected in lens epithelium and to a less degree in the fiber cells. **C**: Expression of Cdc 42 in different compartments. Similar patterns of Cdc42 expression as Rac1 were observed in the three different compartments of postnatal mouse eye except that a very high level of Cdc42 was observed in the corneal epithelial cells. **D**: Control sections. The control sections were processed using the same procedures as the immunocytochemistry results shown in [Figure 2A](#f2){ref-type="fig"}-[Figure 2C](#f2){ref-type="fig"}, except that the primary antibodies were replaced with normal rabbit serum. LC: lens capsule; LE: lens epithelium; LF: lens fiber cells; GC: ganglion cells; IPL: inner plexiform; Nuclei: horizontal/amacrine/Muller cell layers; OPL: outer plexiform; R/C: rods and cones (photoreceptors).](mv-v13-1144-f2){#f2}

Expression of RhoA, Rac1, and Cdc42 in the lens of the embryonic mouse eye
--------------------------------------------------------------------------

At 11.5 pc, strong expression of the RhoA was detected throughout the lens vesicle (the most left panel of [Figure 1A](#f1){ref-type="fig"}). Expression of Cdc42 at this same stage was lower than that of RhoA (the third panel from the left of [Figure 1A](#f1){ref-type="fig"}), while Rac1 expression was barely detectable (the second panel from the left of [Figure 1A](#f1){ref-type="fig"}). In contrast to Rac1 expression, which was predominantly found in the differentiating primary fiber cells (the second panel of [Figure 1B](#f1){ref-type="fig"}), both RhoA and Cdc42 expression at 14.5 pc was found in differentiating primary fiber cells as well as in the lens epithelium (the leftmost panel of [Figure 1B](#f1){ref-type="fig"} and the third lane from the left of [Figure 1B](#f1){ref-type="fig"}, respectively). Overall, expression of Cdc42 at 14.5 pc is relatively higher than either RhoA or Rac1 ([Figure 1B](#f1){ref-type="fig"}). All three small molecule GTPases are more strongly expressed by 17.5 pc displaying heavy expression in the differentiating primary fiber cells and fibers in the subcortical region ([Figure 1C](#f1){ref-type="fig"}). Enhanced expression of all three Rho GTPases was found in the primary fiber cells and to a lesser extent in the lens epithelium. In contrast, the expression of these small GTPases was much attenuated in the cortical region ([Figure 1C](#f1){ref-type="fig"}).

Expression of RhoA, Rac1, and Cdc42 in the retina of embryonic mouse Eye
------------------------------------------------------------------------

In mouse retina, RhoA was also found expressed at 11.5 pc in the developing neuroretinal layers and the neuroblastic region (the leftmost panel of [Figure 1A](#f1){ref-type="fig"}). During this same stage of development, the expression level of Cdc42 in retina was lower than RhoA and that of Rac1 was even lower (the third and the second panels from the left of [Figure 1A](#f1){ref-type="fig"}, respectively). At stage 14.5 p.c., expression of RhoA was detected in the predicted photoreceptor zone and to a lesser degree in the retinal pigment epithelial cell layer (the leftmost panel of [Figure 1B](#f1){ref-type="fig"}). Both Rac1 and Cdc42 reveal similar patterns of expression with Cdc42 expression being relatively stronger ([Figure 1B](#f1){ref-type="fig"}). As development proceeds to 17.5 p.c., expression of all three small GTPases was strongly detected in both photoreceptor and pigment layers of the retina. Among the three small GTPases, Rac1 displayed the highest level of expression in the photoreceptor region ([Figure 1C](#f1){ref-type="fig"}).

Expression of RhoA, Rac1, and Cdc42 in the cornea of the postnatal mouse eye
----------------------------------------------------------------------------

Compared to the negative control ([Figure 2D](#f2){ref-type="fig"}), RhoA was expressed in the endothelium and to a lesser degree in the epithelial cells and some stromal fibroblasts of the postnatal mouse ([Figure 2A](#f2){ref-type="fig"}). Similarly, expression of Cdc42 was clearly detected in both endothelial and epithelial cells but hardly detectable in the stroma ([Figure 2C](#f2){ref-type="fig"}). In contrast to both RhoA and Cdc42, strong levels of Rac1 expression were noted in the fibroblasts within the stroma as well as in both endothelial and epithelial cell layers of the postnatal mouse cornea ([Figure 2B](#f2){ref-type="fig"}).

Expression of RhoA, Rac1, and Cdc42 in the lens of the postnatal mouse eye
--------------------------------------------------------------------------

In the ocular lens, strong expression levels of RhoA, Rac1, and Cdc42 were detected in the lens epithelial cells ([Figure 2A-C](#f2){ref-type="fig"}) of the postnatal mouse in comparison to the negative control ([Figure 2D](#f2){ref-type="fig"}). In contrast, their expression levels in the fiber cells were substantially decreased ([Figure 2A-C](#f2){ref-type="fig"}).

Expression of RhoA, Rac1, and Cdc42 in the retina of the postnatal mouse eye
----------------------------------------------------------------------------

Compared with the negative control ([Figure 2D](#f2){ref-type="fig"}), a strong expression level of RhoA was detected in the photoreceptors, the horizontal/amacrine/Muller\'s cells, and some ganglion cells of the postnatal mouse retina ([Figure 2A](#f2){ref-type="fig"}). In the cellular bodies of most of the ganglion cells, and the inner and outer plexiform layers, a reduced level of RhoA was detected ([Figure 2A](#f2){ref-type="fig"}). Expression of Rac1 and Cdc42 followed a similar pattern of RhoA but the expression levels were decreased in the retina of postnatal mouse eye ([Figure 2B,C](#f2){ref-type="fig"}).

Expression of RhoA, Rac1, and Cdc42 in the lens of the adult mouse eye
----------------------------------------------------------------------

Compared with the control, the background staining of RhoA and Cdc42 in the nuclei of the epithelial and fiber cells were stronger ([Figure 3A](#f3){ref-type="fig"}, the leftmost panel, and the rightmost two panels), however, western blot analysis confirmed their absence in the adult mouse lens ([Figure 4A](#f4){ref-type="fig"}). Rac1 expression, however, was found exhibiting a strong level of expression throughout the lens, more so in the epithelial cells than in the fiber cells ([Figure 3](#f3){ref-type="fig"}; the second panel from the left). The strong expression of Rac1 in the ocular lens of the adult mouse eye was further confirmed by Western blot analysis ([Figure 4A](#f4){ref-type="fig"}). At the mRNA level, RT-PCR analysis demonstrated that Rac1 mRNA was strongly expressed in both epithelial and fiber cells ([Figure 4C](#f4){ref-type="fig"}). However, for RhoA and Cdc42 mRNAs, they were easily detected in the fiber cells but barely detected in the epithelial cells ([Figure 4C](#f4){ref-type="fig"}). The exclusive expression of Rac1 in the eye lens was also confirmed in rat lens by western blot analysis ([Figure 5](#f5){ref-type="fig"}). Analysis of the three small GTPases in the epithelial cells (E), cortical fiber cells (F1), subcortical fiber cells (F2), middle layer of fiber cells (F3), inner layer of fiber cells (F4), and primary fiber cells (N) of four-week old rat lens revealed that only Rac1 was present in the adult lens ([Figure 5](#f5){ref-type="fig"}). A further analysis of Rac1 expression in the mouse lens revealed that much stronger expression of Rac1 was found in the epithelial cells than in the fiber cells ([Figure 4B](#f4){ref-type="fig"}), which was a contrast to the mRNA distribution for Rac1 in the two types of cells of the mouse lens ([Figure 4C](#f4){ref-type="fig"}). In addition, Rac1 expression was only detected in the cortical fiber cells among the different layers of fibers ([Figure 5](#f5){ref-type="fig"}).

![Immunocytochemistry analysis of the expression patterns of RhoA, Rac1 and Cdc42 in adult mouse eye. **A**: Expression of the three small GTPases in the adult mouse lens was investigated. While Rac1 was detected in both lens epithelium and fiber cells, expression of RhoA and Cdc42 were barely detectable in the adult mouse lens. Compared with the control, the nuclei of both epithelial and fiber cells of mouse lens displayed higher background. LC: lens capsule; LE: lens epithelium; LF: lens fiber cells. **B**: Expression of the three small GTPases in the adult mouse cornea was followed. Strong RhoA expression was detected in the top layer of corneal epithelial and endothelial cells. Some RhoA was detected in fiberoblast cells. Expressions of Rac1 and Cdc42 were strong in the epithelial layers but relatively lower in the endothelial cell. No obvious staining was seen in the corneal stroma. Epi: corneal epithelial cell layers; CS: corneal stroma; Endo: corneal endothelial cell layers. **C**: Expression of the three small GTPases in the adult mouse retina was investigated. Both RhoA and Cdc 42 were highly expressed in the photoreceptors, the horizontal/amacrine/Muller cell layers, and in some ganglion cells. In contrast, strong expression of Rac1 was only observed in the photoreceptors. GC: ganglion cells; IPL: inner plexiform; Nuclei: horizontal/amacrine/Muller cell layers; OPL: outer plexiform; R/C: rods and cones (photoreceptors). Mock sections in the rightmost panels of **A**, **B**, and **C** were processed in the same way as the immunocytochemistry results shown for RhoA, Rac1, and Cdc42 in the same figure except that the primary antibodies were replaced with normal rabbit serum.](mv-v13-1144-f3){#f3}

![Western blot and reverse transcription polymerase chain reaction analysis of the expression patterns of RhoA, Rac1, and Cdc42 in different compartments of the adult mouse eye. **A**: Western blot analysis of RhoA, Rac1, and Cdc42 in cornea, lens, and retina. Note the differential expression patterns of three small GTPases in cornea, lens, and retina. While only Rac1 was expressed in the lens, all three small GTPases were expressed in both cornea and retina. **B**: Western blot analysis of Rac1 in lens epithelium and fiber cells. Expression of Rac1 is predominant in epithelium but much less so in lens fiber cells. **C**: RT-PCR analysis of RhoA, RhoB, Rac1 and Cdc42 in cornea, lens epithelium, lens fibers and retina. Note that the mRNA for the four small GTPases were all expressed in relatively high levels in retina and slightly lower levels in the cornea. In the lens, while Rac1 was expressed in both epithelial cells and fiber cells, only traces of RhoA and Cdc42 mRNA were detected in the epithelium. A relatively high level of RhoA mRNA was detected in the lens fiber cells. However, RhoA protein is not detectable, indicating its translational control. Similarly, some Cdc42 mRNA was also detectable in the fiber cells although Cdc42 protein is not detected. RhoB mRNA is absent in both epithelium and fiber cells of the adult lens.](mv-v13-1144-f4){#f4}

![Western blot analysis of the expression patterns of RhoA, RhoB, Rac1, and Cdc42. from four-week-old rat lens as determined by western blot analysis lens epithelium (E), cortical fiber cells (F1), subcortical fiber cells (F2), middle layer of fiber cells (F3), inner layers of fiber cells (F4), and nuclear fiber cells (N) from four-week-old rat lens as determined by western blot analysis. As comparison, the expression patterns of β-actin and α-crystallin were also included. Note that as observed in the mouse lens, Rac1 was expressed mainly in the lens epithelium and to a lesser degree in F1 lens fiber cells. β-Actin was detectable in the lens epithelium, cortical (F1), and sub-cortical (F2) fiber cells. In contrast, α-crystallin is present in both lens epithelium and all layers of lens fiber cells.](mv-v13-1144-f5){#f5}

Expression of RhoA, Rac1, and Cdc42 in the cornea of the adult mouse eye
------------------------------------------------------------------------

Immunohistochemistry analysis demonstrated that the highest level of RhoA expression in the cornea of the adult mouse eye was detected in the endothelial cells and the surface layer of epithelial cells ([Figure 3B](#f3){ref-type="fig"}; leftmost panel) with little detectable staining in the columnar cells of the corneal epithelium. In the corneal stroma, a strong staining was detected in the bodies of some fibroblasts ([Figure 3B](#f3){ref-type="fig"}; leftmost panel). The fluorescence signal outside of the fibroblasts reflects non-specific binding ([Figure 3B](#f3){ref-type="fig"}). In contrast, Rac1 was predominantly expressed in the entire layers of corneal epithelium (both columnar and squamous cell layers) but absent in both corneal stroma and the endothelial cells layer ([Figure 3B](#f3){ref-type="fig"}; the second panel from the left). For cdc42, immunocytochemistry demonstrated that it was expressed in both the endothelial cell layer and the entire layers of corneal epithelium (both columnar and squamous cell layers) but not in the corneal stroma ([Figure 3B](#f3){ref-type="fig"}, the third panel from the left). To further confirm the expression of RhoA, Rac1, and Cdc42 in the cornea of the adult mouse eye, western blot analysis was conducted. As shown in [Figure 4A](#f4){ref-type="fig"}, all three small molecule GTPases were detected in the cornea of the adult mouse eye. RT-PCR analysis revealed that the mRNAs coding for RhoA, Rac1, and Cdc42 were also present in the cornea of adult mouse eye ([Figure 4C](#f4){ref-type="fig"}).

Expression of RhoA, Rac1 and Cdc42 in the retina of the adult mouse eye
-----------------------------------------------------------------------

In the retina of the adult mouse eye, immunohistochemistry showed that both RhoA and Cdc42 were highly expressed in the photoreceptors, the horizontal/amacrine/Muller cell layers, and in some of the ganglion cells ([Figure 3C](#f3){ref-type="fig"}). In most ganglion cells (the inner and outer plexiform layers), expression of the small GTPases was detected, but on a much reduced level ([Figure 3C](#f3){ref-type="fig"}). Compared with RhoA and Cdc42, expression of Rac1 was lower. This expression pattern of RhoA, Rac1, and Cdc42 in the retina of the adult mouse eye was further confirmed by western blot analysis ([Figure 4A](#f4){ref-type="fig"}) and RT-PCR ([Figure 4C](#f4){ref-type="fig"}).

Discussion
==========

Differential expressions of RhoA, Rac1, and Cdc42 in the cornea of mouse eye suggest their roles in corneal differentiation and maturation
------------------------------------------------------------------------------------------------------------------------------------------

The Rho GTPase family contains about 18 members and among them, RhoA, Rac1, and Cdc42 have been characterized most extensively \[[@r7],[@r8],[@r17],[@r18]\] These small GTPases are best known for their effects on the actin cytoskeleton. Their effects include reorganization of the actin cytoskeleton into distinct structures such as stress fibers and focal adhesions, veil-like lamellipodia, and filopodial microspikes \[[@r7],[@r8],[@r17],[@r18]\]. In addition, these small GTPases have been shown to play a role in transcriptional activation, membrane trafficking, and microtubule dynamics, all of which contribute to regulation of cell growth, cytokinesis, cell motility, cell-cell interactions, cell-extracellular matrix adhesion, cell transformation, and invasion \[[@r7],[@r8],[@r17],[@r18]\].

During mouse eye development, a two-cell-layer corneal peridermal epithelium forms when the lens vesicle becomes detached from the surface ectoderm at E11.5 pc. This peridermal epithelium differentiates into three parts of the cornea: the endothelium containing a single layer of cells facing the aqueous humor, the epithelium consisting of numerous layers of epithelial cells, and the stroma containing majority of collagen fibers and some fibroblasts \[[@r19]\]. During the morphogenetic process of corneal formation, cell proliferation, growth, migration, and differentiation are frequently occurring, thus it is conceivable that the functions of small GTPases are necessary. Our demonstration that low levels of RhoA, Rac1, and Cdc42 are all present in the embryonic cornea supports our speculation that these small GTPases play a role in corneal differentiation. On the other hand, RhoB has been reported negative in the cornea during embryonic development of the mouse eye \[[@r20]\]. This is not surprising considering that RhoB is in many cases growth-inhibiting \[[@r21],[@r22]\] and has been shown to be down-regulated in cancer cells \[[@r23]\].

It has been shown that mouse corneal differentiation begins at E15.5 when keratin 12 is expressed in suprabasal cells of the peridermal cornea \[[@r24]\]. This differentiation process continues after birth and corneal maturation does not occur until about three to six months after birth \[[@r24]\]. Consistent with corneal growth and differentiation, we found that expression of the three small GTPases are gradually enhanced in the cornea of the postnatal mouse eye and seems to peak in the cornea of adult mouse eye ([Figure 2](#f2){ref-type="fig"} and [Figure 3B](#f3){ref-type="fig"}). Additionally, in the postnatal mouse cornea, Rac1 displayed the highest level of expression, RhoA the intermediate level, and Cdc42 the lowest level in both epithelial and endothelial cells of the cornea. Such differential expression patterns suggest that the three small GTPases may play different roles during corneal differentiation.

The adult cornea contains a stratified epithelium in which the superficial corneal epithelial cells slough off as a result of terminal differentiation. The corneal epithelial cells are then replenished by the division of basal cells \[[@r25],[@r26]\]. We have demonstrated that in the adult mouse, all three small GTPases are expressed in the corneal epithelium. However, while RhoA is expressed in the superficial epithelial cells, the other small GTPases, Rac1 and Cdc 42, are expressed in the entire epithelial layers of cells. These results suggest that RhoA, Rac1, and Cdc42 may all be involved in terminal differentiation but only Rac1 and Cdc 42 seems to be necessary for the process of corneal epithelial self-renewal. In contrast, the exclusive expression of RhoA in the endothelial cells indicates its unique role in this part of the cornea. The presence of RhoA but not Rac1 or Cdc42 in the fibroblasts of the stroma of the adult cornea suggests that only RhoA is necessary for the active functions of the fibroblasts. In summary, our results reveal the first defined patterns of differential expression of the three small molecule GTPases in mouse cornea, which provides the basis for understanding their roles in regulating corneal differentiation and formation.

While RhoA, Rac1, and Cdc42 all seem to be important for embryonic lens development, Rac1 alone is involved in adult lens growth and differentiation
----------------------------------------------------------------------------------------------------------------------------------------------------

The early immunohistochemistry analysis of RhoB expression pattern revealed its possible important role during lens morphogenesis. RhoB was strongly expressed in the developing lens, specifically paralleling the morphogenesis of the lens fiber cells \[[@r20]\]. In the present study, we detected a similar expression pattern of RhoA in mouse embryonic lens from 11.5 pc to 17.5 pc ([Figure 1](#f1){ref-type="fig"}), which suggests involvement of the RhoA in lens vesicle formation and differentiation. Different from both RhoA and RhoB, expression of Cdc42 was lower at the lens vesicle stage (11.5 pc) and definitive expression of Rac1 was only detected at 14.5 pc. This finding implies that the function of both Rac1 and Cdc42 comes into play at a later stage. This is not surprising considering that both RhoA and RhoB are involved in the regulation of actin stress fibers and of cell contacts thus the functions of the above two small GTPases are necessary during lens vesicle formation when cell proliferation plays a dominant role. Alternatively, during the differentiation of the primary lens fiber cells, these fiber cells require massive morphogenetic movements where filopodia formation and membrane ruffling are frequently observed. The expression of Cdc42 and Rac1 at the beginning of lens fiber differentiation illustrates their active participation in this differentiation process. At the stage of 17.5 pc, RhoA, RhoB, Rac1, and Cdc42 are all strongly expressed. This is consistent with the fact that both cell division and lens cell differentiation occur at the same time. In the postnatal lens, cell division in the germinal zone continues and the differentiating lens cells migrate into the equatorial region and differentiate into secondary fiber cells. At this stage, the lens is still in the very active growth phase so expression of all four GTPases are still strong ([Figure 2](#f2){ref-type="fig"} and \[[@r20]\]). However, in the adult lens, the growth is substantially slowing down and the lens differentiation takes a much longer time. Consistent with this slow growth, expression of RhoA and Cdc42 are downregulated to an undetectable level in both the mouse lens ([Figure 4](#f4){ref-type="fig"}) and the rat lens ([Figure 5](#f5){ref-type="fig"}). Rac1 is likely the major small GTPase responsible for adult lens growth.

In the present study, we observed in the adult lens that the proteins for RhoA and Cdc42 are undetectable, however, the mRNAs for these small GTP proteins are easy detectable in the fiber cells, although their expressions were just barely detectable in the epithelial cells.

Considering the fiber cells are in different stages of differentiation and the differentiating fiber cells are focusing their energy and metabolism to disassemble all the cellular organelles, mRNAs in the differentiation fiber cells are likely either untranslatable or translatable in low efficiency. Consistent with this hypothesis is the demonstration of the amount Rac1 mRNA in fiber cells of mouse lens being higher than in epithelial cells. However, the Rac1 protein in the fiber cells of mouse lens is lower than that in epithelial cells ([Figure 4B,C](#f4){ref-type="fig"}). Moreover, our previous studies have revealed that the mRNA for the catalytic subunit of PP-2A is present in cortical layers of fiber cells of rat lens. However, the protein for the catalytic subunit of PP-2A is undetectable \[[@r12]\]. As a result, while the mRNAs for RhoA and Cdc42 are unsurprisingly detectable in mouse lens but their proteins are absent. Our results of the absence of RhoB mRNA in the adult mouse is consistent with the early work by Maddala et al. \[[@r20]\].

RhoA, Rac1, and Cdc42 all seem to be involved in control of retina differentiation during mouse eye development
---------------------------------------------------------------------------------------------------------------

In the present study, we have demonstrated that the three small GTPases, RhoA, Rac1, and Cdc42 are all expressed during embryonic retina. While, at the 11.5 pc and 14.5 pc, RhoA and Cdc42 are relatively stronger than Rac1, the opposite is true for their expressions at 17.5 pc. The expression levels of all three small GTPases were increased to maximum in the postnatal mouse eye retina. This is consistent with the fact that during and after the birth period, active mouse retinal differentiation occurs while retina maturation does not occur until several weeks after birth. Once the retina becomes mature, the expression levels of the three small GTPases become substantially decreased, further proving their role in differentiation ([Figure 3](#f3){ref-type="fig"}). From embryonic stage to adult mouse eye, it was found that the strongest retina expression of all three small GTPases were found in photoreceptors then in the nuclear layer and some of the ganglion cells while the weakest expression was observed in both outer and inner plexiforms.

During retinal development, Rho-GTPases seem to play an essential role in regulating neuritogenesis and controlling neural cell growth, differentiation, guidance, and branching. They have been found to regulate similar functions in Xenopus, Drosophila, and mammals \[[@r27]-[@r29]\].

In comparison to the expression patterns of these three GTPases in chicken retina \[[@r6]\], some differences of the expression patterns between chicken and mouse retina are revealed. First, in the chicken embryonic retina, the three small GTPases, RhoA, Rac1, and Cdc42, were initially expressed at very high levels in the ganglion cells while in the mouse retina, they were strongly expressed in the photoreceptors of the retina. Second, during the embryonic stage, strong levels of RhoA and Cdc42 were detected in the inner plexiform of chicken retina \[[@r6]\] but they were not detected in the mouse retina. Additionally, Cdc42 appears to display a stronger expression level than RhoA in the chicken retina. On the contrary, RhoA appears to display a stronger expression signal than Cdc42 in the mouse retina. The expression patterns of the small GTPases in the two types of vertebrates also show substantial similarities. Like the postnatal retina of chicken, the immunoreactive signal for Rac1 in the adult mouse retina was the lowest ([Figure 3](#f3){ref-type="fig"} and \[[@r6]\]). It is also generally true that the three small GTPases are strongly expressed in photoreceptors, the cell bodies of horizontal/amacrine/Muller cells in the nuclear layer, and some ganglion cells, but are weakly expressed in the outer plexiform layer.

In conclusion, previous studies have shown that the Rho-family of GTPases is essential in modulating cytoskeletal rearrangements as well as mediating adhesive and morphological properties of the cell, transcriptional regulation, and differentiation \[[@r30],[@r31]\]. For this reason, it is not surprising that RhoA, Rac1, and Cdc42 are all highly expressed during mouse ocular tissue development and continue to be specifically expressed in various regions of the adult eye. Although RhoA is known to function in opposition to Rac1 and Cdc42-mediated activity in many cell systems, it is likely that the presence of each is essential during eye development. Our expression analysis of the adult mouse showed that each of these Rho-GTPases is isolated to discrete regions of the adult eye suggesting that their presence is necessary for the maintenance and normal function of these areas.
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